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Edited by Lukas HuberAbstract In mammals, two inhibitory Smads (I-Smads), Smad6
and Smad7, play pivotal roles in negative regulation of TGF-b
family signaling. Smad7 ubiquitously inhibits TGF-b family sig-
naling, whereas Smad6 inhibits signaling from the ALK-3/6 sub-
family in preference to that from the ALK-1/2 and ALK-4/5/7
subfamilies of TGF-b family type I receptors. In Drosophila,
only one I-Smad, Dad, has been identiﬁed. Here we examined
inhibitory eﬀects of Dad on type I receptors in Drosophila.
Dad inhibited Saxophone (ALK-1/2 orthologue) and Thickveins
(ALK-3/6 orthologue) but not Baboon (ALK-4/5/7 orthologue).
The diﬀerential modes of action of I-Smads in mammals and
Drosophila are discussed.
Structured summary:
MINT-6596817:
Smad7 (uniprotkb:O35253) physically interacts (MI:0218) with
Sax (uniprotkb:Q7JQ39) by anti tag coimmunoprecipitation
(MI:0007)
MINT-6596699:
Dad (uniprotkb:O15968) physically interacts (MI:0218) with
Sax (uniprotkb:Q7JQ39) by anti tag coimmunoprecipitation
(MI:0007)
MINT-6596805:
Smad7 (uniprotkb:O35253) physically interacts (MI:0218) with
Thv (uniprotkb:Q95SI0) by anti tag coimmunoprecipitation
(MI:0007)
MINT-6596829:
Smad7 (uniprotkb:O35253) physically interacts (MI:0218) with
Babo (uniprotkb:A1Z7L9) by anti tag coimmunoprecipitation
(MI:0007)
MINT-6596719:
Dad (uniprotkb:O15968) physically interacts (MI:0218) with
Thv (uniprotkb:Q95SI0) by anti tag coimmunoprecipitation
(MI:0007)
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cytokines of the TGF-b family, including TGF-bs, activins,
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homeostasis. The principal pathways of TGF-b family signal-
ing from the plasma membrane to the nucleus have been un-
veiled [1], with the breakthrough ﬁnding of Smad proteins
obtained by genetic screening in Drosophila melanogaster and
Caenorhabditis elegans [2,3]. Signal transduction by the TGF-
b family is triggered by ligand-induced formation of heterotet-
rameric complexes consisting of two type II receptors and two
type I receptors with intrinsic serine/threonine kinase activity.
The type I receptor is phosphorylated by the constitutively
active type II receptor kinase in the complex to become active,
and then phosphorylates the receptor-regulated Smads
(R-Smads). Phosphorylated R-Smads form complexes with a
common-mediator Smad (Co-Smad) and translocate into the
nucleus, where they regulate the transcription of target genes
in co-operation with other transcription factors [4].
The type I receptors exhibit distinct substrate speciﬁcity for R-
Smads, and thus determine downstream signal transduction. In
mammals, seven type I receptors (activin receptor-like kinase1-
7, ALK1-7), ﬁve R-Smads (Smad1, 2, 3, 5, and 8), and one Co-
Smad (Smad4) have been identiﬁed. The seven type I receptors
are structurally classiﬁed into three subfamilies. The ALK-3/6
subfamily and ALK-1/2 subfamily transmit BMP-type signals
through phosphorylation of Smad1, 5, and 8. Receptors of the
ALK-4/5/7 subfamily transmit TGF-b/activin-type signals
through phosphorylation of Smad2 and 3. In Drosophila, three
type I receptors (Thickveins, Tkv; Saxophone, Sax; and Ba-
boon, Babo), two R-Smads (Mad and dSmad2, also called
Smox), and one Co-Smad (Medea) have been identiﬁed [5].
Tkv and Sax are related to ALK-3/6 and ALK-1/2, respectively,
and transmit signals through Mad, whereas Babo is related to
ALK-4/5/7 and signals through dSmad2 [5].
In addition to R-Smads and Co-Smads, another class of
Smad proteins, the inhibitory Smads (I-Smads), play crucial
roles in negative regulation of TGF-b family signaling.
I-Smads interact with type I receptors and inhibit phosphory-
lation of R-Smads [6–8]. I-Smads also co-operate with HECT-
type ubiquitin ligases, Smad ubiquitin regulatory factors 1 and
2 (Smurf1 and Smurf2), to down-regulate expression of type I
receptor as well as R-Smads through proteasome-dependent
degradation [9–11]. I-Smads are transcriptionally induced in
response to various ligands of the TGF-b family and function
as negative feedback regulators. In mammals, two I-Smads,
Smad6 and Smad7, have been identiﬁed. We previously deter-
mined the speciﬁcities of Smad6 and 7 for TGF-b family type I
receptors [12,13]. Smad7 acts as a ubiquitous inhibitor,
whereas Smad6 preferentially inhibits the ALK-3/6 subfamily
of type I receptors.blished by Elsevier B.V. All rights reserved.
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[14]. Although Dad was previously shown to inhibit Tkv sig-
naling [15], the eﬀects of Dad on other Drosophila type I recep-
tors have not been examined. In the present study, we
determined the speciﬁcity of Dad for each Drosophila type I
receptor. Unlike mammalian Smad6 and Smad7, Dad inhib-
ited Sax and Tkv but not Babo. Dad thus exclusively inhibited
BMP-type signaling but not TGF-b/activin-type signaling in
Drosophila.2. Materials and methods
2.1. Cell culture
C2C12 cells and COS7 cells were obtained from American Type Cul-
ture Collection. Cells were cultured in Dulbeccos modiﬁed Eagles
medium (Invitrogen) supplemented with antibiotics (100 lg/ml strepto-
mycin and 100 units/ml penicillin G) and fetal bovine serum (20% for
C2C12 cells and 10% for COS7 cells). Cells were grown in a 5% CO2-
humidiﬁed atmosphere at 37 C.Fig. 1. Eﬀects of Dad and Smad6 and 7 on signaling from TGF-b family typ
Smads were transfected with reporter constructs in C2C12 cells, and luciferas
C: human ALK-4, D: Drosophila Sax, E: Drosophila Tkv, and F: Drosophila B
was used for ALK-4 and Babo. Error bars represent S.D.2.2. Plasmid constructions
The constructions of constitutively active mutants of type I receptors
[ALK-2(QD), ALK-3(QD), ALK-4(TD), and Tkv(QD)], Punt, Smad6,
Smad7, Dad, and FoxH3 were described previously [10,15–17]. Consti-
tutively active mutants of Saxophone and Baboon, Sax(QD) and Ba-
bo(QD), were generated by replacing a glutamine residue (Q263 for
Sax and Q302 for Babo) with an aspartic acid using a PCR-based ap-
proach.2.3. Antibodies
The antibodies used were anti-Flag antibody (M2, Sigma), anti-hem-
agglutinin (HA) antibody (3F10, Roche Diagnostics), anti-myc anti-
body (9E10, Pharmingen), anti-phospho-Mad PS1 antibody (a kind
gift from Dr. Susumu Itoh), anti-phospho-Smad2 antibody (Cell Sig-
naling), and anti-a-tubulin antibody (DM1A, Sigma).2.4. Transfection, immunoprecipitation, and immunoblotting
Cells were transfected using FuGENE6 transfection reagent (Roche
Diagnostics) according to the manufacturers recommendations. Cell
lysates were prepared in a buﬀer containing 20 mM Tris–HCl, pH
7.5, 150 mM NaCl, 1% Nonidet P-40, 1% Trasylol, and 1 mMe I receptors of human and Drosophila origin. Type I receptors and I-
e reporter assay was performed. A: human ALK-2, B: human ALK-3,
abo. BRE-Luc was used for ALK-2, ALK-3, Sax, and Tkv. AR3-Lux
Fig. 2. Physical interaction of Dad with TGF-b family type I receptors of Drosophila origin. Type I receptors were co-expressed with I-Smads and a
type II receptor, Punt, in COS7 cells. I-Smads were then immunoprecipitated, and the co-precipitated receptors were detected by immunoblotting
(top panel). Precipitated I-Smads (middle panel) and expression of receptors (bottom panel) are also shown. S7 denotes Smad7.
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supernatants were subjected to immunoprecipitation or immunoblot-
ting as described [18].
2.5. Luciferase reporter assay
Luciferase reporter assay was performed as described previously
[13]. A BMP-responsive reporter construct, BRE-Luc [19], or an acti-
vin-responsive reporter construct, AR3-Lux [6], was used. When AR3-
Lux activity was measured, Fox H3 was co-transfected.3. Results
3.1. Inhibitory eﬀects of Dad on signaling from human and
Drosophila type I receptors
We ﬁrst examined the eﬀects of Dad on human TGF-b fam-
ily type I receptors, ALK-2, ALK-3, and ALK-4, using their
constitutively active mutants. Luciferase reporter assay was
performed in C2C12 cells using a BMP-responsive reporter,
BRE-Luc, for ALK-2 and ALK-3, or an activin-responsive re-
porter, AR3-Lux, for ALK-4 (Fig. 1A–C). Dad and Smad6
eﬀectively inhibited ALK-3 signaling but only weakly inhibited
ALK-2 signaling, and failed to inhibit ALK-4 signaling. In
contrast, Smad7 inhibited signaling by all of these human
ALKs, with striking eﬀects on ALK-2 and ALK-3. Dad thus
appears to be a functional orthologue of Smad6 for human
type I receptors.
Findings were diﬀerent when we examined the eﬀects of these
I-Smads on Drosophila type I receptors (Fig. 1D–F). Smad6
and Smad7 exhibited inhibitory proﬁles for Drosophila type I
receptors similar to those for human orthologues. Dad, how-
ever, inhibited signaling from Sax (ALK-2 orthologue) and
Tkv (ALK-3 orthologue) as well, but failed to inhibit that from
Babo (ALK-4 orthologue). Dad thus exhibited target speciﬁcity
for Drosophila type I receptors distinct from that of either
Smad6 or Smad7, and instead intermediate between them.
3.2. Dad physically interacts with Sax and Tkv to inhibit
phosphorylation of Mad
Dad was previously shown to interact with Tkv to inhibit
Tkv-induced phosphorylation of Mad [15]. We therefore
examined the physical interaction of Dad with other type I
receptors of Drosophila origin. Diﬀerently tagged I-Smads
and receptors were co-expressed in COS7 cells, followed byimmunoprecipitation of I-Smads and visualization of co-pre-
cipitated receptors by immunoblotting (Fig. 2). Dad interacted
with Sax and Tkv, but not with Babo, whereas Smad7 inter-
acted with all three of these type I receptors (Fig. 2). Interac-
tion of Dad with type I receptors was well correlated with
the inhibitory eﬀects of Dad on signaling.
We next examined the eﬀects of Dad on type I receptor-in-
duced phosphorylation of Drosophila R-Smads in transfected
COS7 cells (Fig. 3). Consistent with the results of luciferase re-
porter assay and receptor-binding assay, Dad inhibited the
phosphorylation of Mad induced by Sax and Tkv (Fig. 3A),
but not that of dSmad2 by Babo (Fig. 3B). Smad7 inhibited
phosphorylation of Mad as well as dSmad2 (Fig. 3A,B).
3.3. Dad interferes with Sax- or Tkv-induced complex formation
of Mad and Medea
Mammalian Smad6 has been reported to form complexes
with Smad1 and interfere with the formation of the Smad1–
Smad4 complex [20]. Co-precipitation of Smad6 with Smad1
was increased in the presence of lactacystin, a proteasome
inhibitor [11]. We therefore examined how Dad aﬀects com-
plex formation between Mad and Medea. Mad was co-ex-
pressed with Medea in the presence of signaling, followed by
immunoprecipitation of Mad and visualization of co-precipi-
tated proteins by immunoblotting (Fig. 3C). Dad inhibited
Sax- or Tkv-induced complex formation between Mad with
Medea. Notably, Dad was only minimally co-precipitated with
Mad (Fig. 3C), even in the presence of lactacystin (data not
shown). These ﬁndings indicate that Dad inhibits the forma-
tion of Mad–Medea complex, and not through competition
with Medea for Mad.
4. Discussion
Cytokines of the TGF-b family play crucial roles in embry-
onic development and adult tissue homeostasis, and have been
identiﬁed in various multicellular organisms, including verte-
brates as well as invertebrates. It is now apparent that the sig-
nal transduction pathways of the TGF-b family are essentially
conserved across species. Subsequent studies, however, have
suggested that regulators of Smad signaling in Drosophila have
similar but distinct modes of action from their mammalian
counterparts.
Fig. 3. Eﬀects of Dad on phosphorylation of Mad (A) or dSmad2 (B),
and formation of Mad–Medea complex (C) induced by type I
receptors. In (A) and (B), Mad or dSmad2 was co-transfected with
Dad and Sax, Tkv, or Babo in COS7 cells. Phosphorylation of Mad
and dSmad2 was visualized by immunoblotting using PS1 antibody
and anti-phospho-Smad2 antibody, respectively (top panel). Expres-
sion of proteins (middle three panels) and endogenous tubulin as a
loading control (bottom panel) are also shown. In (C), Mad was co-
expressed with Medea and Sax/Tkv in the presence or absence of Dad
or Smad7, followed by immunoprecipitation of Mad. Immunoprecip-
itated Medea/Dad and Mad are shown in the upper two panels, and
expression of proteins is shown in the lower two panels. S7 denotes
Smad7.
Fig. 4. Summary of the mechanism of inhibition by Dad of TGF-b
family signaling in Drosophila. Wit denotes Wishfull thinking, a type II
receptor in Drosophila.
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antagonist of Dpp signaling [14], and was shown to associate
with Tkv to inhibit Tkv-induced phosphorylation of Mad
[15]. The eﬀects of Dad on other Drosophila type I receptors
have not yet been determined. In the present study, we found
that Dad also inhibits Sax, another type I receptor that trans-
mits signal through Mad, but not Babo, which transmits sig-
nals through dSmad2. These ﬁndings together with previous
ones [15] thus indicate that Dad is an I-Smad that exclusively
inhibits BMP-like signaling mediated through Mad in Dro-
sophila.In addition to its receptor-targeting mechanism, Smad6 has
been reported to form complexes with Smad1 and interfere
with complex formation between Smad1 and Smad4 [20]. We
also observed that Dad interferes with formation of the
Mad–Medea complex induced by Tkv [15] as well as by Sax
(this study). However, this interference does not appear to be
mediated through competition for Mad between Medea and
Dad. Furthermore, the speciﬁcity of signal inhibition by Dad
reﬂected the interaction of Dad with each type I receptor.
Dad thus appears to negatively regulate Mad signaling
through inhibition of type I receptor-mediated phosphoryla-
tion of Mad.
The characteristics of Dad diﬀer from those of mammalian
I-Smads in several respects, including speciﬁcity as well as
mode of action (Fig. 4). In mammals, two I-Smads, Smad6
and Smad7, have been identiﬁed. Smad7 is a ubiquitous inhib-
itor, whereas Smad6 inhibits only a part of BMP-type signal-
ing. Expression of these two I-Smads is diﬀerentially
regulated by various extracellular stimuli in various type of
cells, as regards both magnitude and duration of induction
[21,22], which leads to cellular context-dependent regulation
of TGF-b family signaling. In contrast, only one I-Smad,
Dad, has been identiﬁed in Drosophila, and does not regulate
Babo, one of the three type I receptors. These ﬁndings raise
the possibility that activated Babo is down-regulated by other
unknown negative feedback system(s). Alternatively, Dad may
require a Drosophila speciﬁc co-factor for inhibition of Babo,
because we determined the inhibitory speciﬁcity of Dad in het-
erologous cell culture system using mammalian COS7 cells.
Mammalian I-Smads also recruit Smurfs to signaling type I
receptors [9–11] or activated R-Smads [11], and induce their
proteasomal degradation [9–11]. On the other hand, Dad does
not appear to co-operate with dSmurf, a Drosophila ortho-
logue of Smurf1/2, since dSmurf interacts with Mad and
dSmad2 in signaling-dependent fashion, but not with Dad [23].
2500 Y. Kamiya et al. / FEBS Letters 582 (2008) 2496–2500Mammalian systems have thus developed more intricate reg-
ulation on TGF-b family signaling through duplication of I-
Smads as well as the acquisition of co-operation with Smurf
ubiquitin ligases.
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